Cattle diverged during the Pleistocene into two subspecies, one in temperate and one in 22 tropical environments. Here we have used next generation sequencing of the indicine 23 subspecies of cattle and compared it to the taurine subspecies. Although 23.8 million 24 single nucleotide polymorphisms (SNP) were found, the number of fixed amino acid 25 substitutions between the taurine and indicine subspecies was low and consistent with the 26
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( Table 1 ). The degree of similarity between animals and amounts of sequence obtained per 86
individual are contained in the Supplementary Information and Tables S1 and S2. The  87 FASTQ file for each bull was submitted to the 1000 Bulls database (1000Bulls.org) and 88 the VCF file for each bull was submitted to dbSNP under the handle WBARENDSE 89 (BRA2 -SNP and BRA2 -indel) and BioSample object IDs SAMN03166172 to 90 SAMN03166203. 91 92
The sequencing yielded on average approximately 560,000 small indels per individual 93 (Table S3 ), of which 0.028% were nonsynonymous coding indels, which was 94 approximately 10 times less than nsSNP ( Table 1 ). The proportion of intergenic indels per 95
individual and the variability between individuals was similar to that found for SNPs. 96
Furthermore, the variability for nonsynonymous indels as a proportion of the total was 97 greater than the corresponding variability for nsSNPs, indicating that individuals differed 98 more substantially from each other in coding sequence indels than in cSNPs. Indels in 99 coding sequence are more likely than SNPs to represent mutations that have strong effects 100 on protein structure and processing. 101 102
To characterise the SNP discovery distribution, we plotted the number of Brahman bulls 103 that shared one or more SNP that are different to the cattle reference sequence. Of the 23.8 104 million SNP, 6.33 million (26.5%) showed either one or two alleles but occurred only in a 105 single animal (Fig 1A) . At the other extreme, 12,231 (0.05%) of the SNP were common to 106 at least 27 of the sires, representing SNP that were at high frequency in Brahman animals 107 compared to the Hereford reference sequence. The distribution in Fig 1A appears to reach 108 an asymptote. To determine the decay of the curve we plotted the log number of SNP by 109 log number of bulls ( Fig 1B) and found that it was not linear across the entire range, 110
showing that the asymptote decays more quickly than expected. This plot shows a greater 111 deficit of numbers of SNP common to all sires than would be expected given the initial 112 decline in sharing of alleles. To determine whether this might be due to low levels of 113 sequence coverage, the data from the 21 bulls with the most sequence were plotted ( Fig  114  S2 ). This showed much greater linearity of the log-log plot across the range, and in 115 combination with the plot of the rate of change in SNPs shared between bulls ( Fig S3) 
116
suggests that the accelerated decay is partly due to low genome coverage for some bulls. 117
This lack of similarity would also have a contribution from introgression of some taurine 118 alleles into Brahman cattle (Sanders 1980) , which would reduce the number of fixed 119 substitutions between taurine and indicine animals. Extrapolation of the log-log plot in its 120 linear phase suggests approximately 10 5 fixed differences between taurine and indicine 121
cattle across the genome. The low level of fixed differences between taurine and indicine 122
cattle is unlikely to be due to lack of discovery of SNPs, because not only were 23.8 123 million SNPs identified, the method of comparison is insensitive to low copy number 124 coverage of a particular polymorphic site, and most importantly, each additional bull 125 added progressively fewer new SNPs and an asymptote was reached. Since it is the rare 126
SNPs that are discovered last, it is unlikely that there is a large number of fixed SNP 127 differences between taurine and indicine breeds that is yet to be discovered. 128
129
Surprisingly, there were more small indels common to all bulls than SNPs common to all 130 bulls ( Fig 1B) , even though there were fewer indels in total and fewer indels that were 131 found only in a single bull or common to a small number of bulls. The cross-over point 132
was at 23 bulls. There were more than 10 times as many small indels common to all 32 133 bulls than shared SNPs. The distribution for indels was linear over a larger range of bulls 134
than SNPs, and the decline in number of common small indels was rapid only at the end of 135 the distribution. However, contrary to this pattern of more fixed small indels than SNP, 136 there were no indels in coding sequence that were common to all 32 bulls, and only 5 such 137 indels that were found in more than 27 of the bulls. 138 139
Neutral theory predicts that neutral and near neutral mutations, whether slightly 140 advantageous or deleterious, have similar mean times to fixation or extinction (Kimura and 141
Ohta 1971). Therefore, if most nsSNP are neutral or near neutral they should have 142 effectively the same distribution as synonymous SNPs (sSNP). However, we found that 143 there were substantially fewer nsSNP than sSNP in the middle frequency range than at the 144 extremes of the distribution ( Fig 1C & D) . The log-log plot ( Fig 1D) clearly shows that 145
there are more nsSNPs possessed by all 32 bulls than sSNPs even though there are fewer 146 nsSNPs in total. Furthermore, at the other extreme, of SNPs found in only a single 147
individual, the nsSNPs almost equalled the sSNPs. This suggests that a substantial number 148 of the nsSNPs are not neutral or near neutral in their effects. Extrapolation from the linear 149 part of the log-log plot suggests that the number of fixed nonsynonymous substitutions 150 between taurine and indicine cattle is of the order of 900 to 1,000 ( Fig 1D, Fig S2, Fig S3) . 151
The total number of nsSNPs, irrespective of the number of bulls in which they occur, was 152 79,309. 153 154
To ascertain whether SNP calling, especially the ratio of nsSNP to sSNP, was affected by 155 the draft status of the bovine genome or stringency of SNP calling, we took several 156 approaches to check for errors including examining the location of copy number variants, 157
transcript length and quality threshold for calling of SNPs (Supplementary Information). 158
None of these showed effects that would materially influence the ratio of nsSNP to sSNP 159 in this data set, although we found CNV to have a higher ratio of nsSNP to sSNP than the 160 rest of the genome. We did find that the number of SNPs was strongly correlated to 161 transcript length (Fig 2A, Fig S1) , and most genes with large numbers of SNPs have long 162 coding sequences. Furthermore, the number of SNPs per bp was low except for some 163 genes with very short transcript lengths, especially those in the range 50 to 200 bp ( Fig  164  2B ). Importantly, we found 33 regions with striking excesses of nsSNP to sSNP ( Fig S4,  165 Table S5), and one of these regions included the Bovine Major Histocompatibility 166
Complex (MHC) ( Fig S5) .
168
Positive selection is often termed relaxed selection, implying that genes with high 169 mutation rates are more likely to show high levels of nsSNPs. Here we show ( Fig 3A) that 170 high numbers of SNP per coding sequence base pair are more likely to be found in values 171 of -0.5log(ω) around zero. A contrast between genes under positive and negative selection 172
( Table 2) shows that although there were significantly (G adj = 736.3, 2df, P << 0.00001) 173
more genes under negative selection with low rates of SNP per bp, there were substantial 174 numbers of genes under positive selection that had a low rate of SNP per bp. The average 175 -0.5log(ω) for genes with numbers of SNP per bp ≥ 0.01 (Table S6 ) was markedly less 176 negative than that for genes with numbers of SNP per bp < 0.01. Although genes with 177 positive selection were more likely to have higher numbers of SNP, there were a large 178 number of genes with evidence of positive selection that had low numbers of SNP per bp 179 and a large number of genes with evidence of negative selection that had a large number of 180 SNP per bp. 181
182
Many of the very short genes have large numbers of SNP per bp ( Fig 2B) so to examine 183 the impact of numbers of SNP per transcript on estimates of positive selection, the length 184 of transcript was plotted against evidence for positive selection ( Fig 3B) . Although there is 185
an obvious shift towards shorter transcript lengths for genes with positive selection, this is 186 not driven by transcripts with very high numbers of SNP per bp, such as those with lengths 187 below 500 bp ( Fig 3A, Table 3 ). Removing the transcripts below 500 bp changes the 188 relative length of transcripts under negative selection compared to transcripts under 189 positive selection from 1.74 to 1.65. Shorter transcript length of genes with positive 190 selection appears to be a general pattern in the data and not due to artefacts.
192
To determine the impact of nsSNP, we characterised the distribution of SIFT predictions. 193
Firstly, fixed nonsynonymous substitutions, and nsSNPs near fixation for opposite alleles, 194
showed SIFT predictions that were very much less damaging than nsSNPs in general. distribution and there were substantially more transcripts with either very high numbers or 213 very low numbers of deleterious mutations than expected (Table S7) , resulting in a 214 goodness of fit chisquare χ 2 10 = 7242.2, P << 0.00001. This striking divergence from 215 random was found whether transcripts were segregated on number of tolerated nsSNPs or 216 not (Table S8) . A high excess of deleterious nsSNP are consistent with relaxed selection 217
but an excess of zero deleterious nsSNP but high numbers of tolerated nsSNP are 218 implausible under relaxed selection. This suggests other modes of selection, such as 219 balancing selection. 220 221
One may predict that genes that are well known, conserved and annotated between species 222
might be subject to more purifying selection. In ENSEMBL, all genes with transcripts 223
have an ENSEMBL name but in some cases these transcripts cannot be linked to known 224 gene identifiers. Of genes with positive selection, 780 had conserved gene names but 816 225 did not, whereas of genes with negative selection 8,092 had conserved gene names but 226
1,454 did not. This gives an odds ratio of 5.31 and a G adj = 807.7, 1df, P << 0.00001.
228
To determine whether specific pathways or sets of genes were under selection, genes under 229 positive selection were compared to those under negative selection. Using GO terms and 230
GOrilla (Eden et al. 2009), we found that genes in the immune system and in detection of 231 chemical stimulus involved in sensory perception were significantly represented among 232
the genes under positive selection ( Supplementary Information Data File 1) . Plots in the 233 region of the Bovine MHC showed elevated numbers of nsSNPs ( Fig S5) . An examination 234
of the numbers of tolerated and deleterious nsSNP for MHC coding sequences showed 235 much higher than average tolerated (27.75 vs 9.43, t = 5.70 P << 0.00001) nsSNPs and 236
slightly higher numbers of deleterious nsSNPs (7.25 vs 3.19, t = 2.66 P = 0.008) than other 237
transcripts with large numbers of SNPs per bp.
239
There was no clear evidence of differences in numbers of genes with excess positive or 240
negative selection at the level of whole chromosomes (Fig 4) . One possibility could be the 241 X chromosome, due to initial formation of the Brahman breed using some taurine dams in 242 the 19 th century (Sanders 1980) , followed by extensive backcrossing using indicine bulls 243
and then the addition of purebred indicine cattle of both sexes to generate an indicine 244
breed. This would predict that the X chromosome would show fewer genes under positive 245 selection, because the comparison is to the taurine reference sequence. On the contrary, we 246
found that the X chromosome had some of the strongest evidence for genes under positive BTA9 the next highest values (Table S9 ). It had the 7 th lowest number of genes with 251 sufficient cSNP to report values for -0.5log(ω), which was inconsistent with its length and 252 may be a signature from the use of taurine dams.
254
Discussion 255 256
The analysis of whole genome sequence data from 32 bulls showed that specific classes of 257 genes have evidence for positive selection but surprisingly small numbers of SNPs or 258 indels were fixed between taurine and indicine cattle. We show that shorter genes are more 259 likely to show evidence of positive selection, that signatures of both relaxed and balancing 260 selection were found, and that genes that are under positive selection are approximately 5 261
times more likely to be poorly annotated than genes under negative selection. We found 262 that genes in the immune system and systems that sense the environment are more likely to 263
show evidence of positive selection. As these subspecies were adapted to temperate versus 264 tropical environments before domestication, these differences likely represent natural 265 selection prior to domestication. Although genes under positive selection were distributed 266 across all chromosomes, there were 33 regions with striking excesses of nsSNPs, which 267 might be regions of focus for divergence between indicine and taurine cattle, and these 268 regions include a slight increase in deleterious nsSNP. Finally, the interindividual 269 variability for intergenic SNPs or indels was low compared to the interindividual 270 variability for nsSNPs and coding sequence indels. As these latter two types of variant are 271 more likely under selection this implies increased variability between individuals for 272 genetic material that is under selective scrutiny. Further research might indicate ways in 273 which this information can be used in prediction of the phenotype.
275
Surprisingly, only a small proportion of the differences, whether coding or noncoding, 276 SNP or indel, showed fixed differences between Brahman (indicine) cattle and the 277 reference (taurine) sequence. While some of the low number can be attributed to lower 278 levels of genome coverage in some individuals or perhaps to past introgression from 279 taurine germ plasm, if one took as the estimate the lowest number reached in the linear 280 section of the log-log plot this would still only represent 10 5 fixed differences, much less 281 than 1% of the genetic variants identified in these cattle. 282 283
The number of fixed amino acid substitutions between these two subspecies is small and is 284 consistent with adaptive evolution. Using the extrapolations from the log-log plots as 285 noted above, we would expect between 900 and 1,000 fixed nonsynonymous substitutions. 286
The divergence between the taurine and indicine subspecies occurred 0. prediction. Our results on fixed amino acid substitutions are therefore consistent with the 299
Haldane prediction for genes under standard adaptive selective constraints. Interestingly, 300
these substitutions had four times lower rates of deleterious substitutions than the amino 301 acid substitutions in general. As coding sequences represent around 1% of the genome, 302 extrapolated up to all SNP, the 10 5 fixed differences between taurine and indicine 303
subspecies are therefore more consistent with polymorphisms under adaptive selection, 304
and would be consistent with large parts of the non-coding sequence showing function, as 305 described by the ENCODE project (Dunham et al. 2012 ).
307
Our results show that signals of positive selection are found with shorter genes. If 308 mutations in only part of a gene are under positive selection at any one time, and this is a 309 reasonable expectation given that random amino acid substitutions are more likely to be 310 deleterious, then a measure of overall selection on a gene will be biased to detect negative 311 selection the longer the transcript length of the gene. For very long genes evidence for 312 adaptive selection would be drowned out by the evolutionary constraint on the rest of the 313 molecule. 314 315
Some of the evidence for positive selection is consistent with balancing selection although 316 some of it is consistent with relaxed selection. A large number of nsSNP in a transcript 317 could be evidence of relaxed selection, i.e., where genes are not seen by selection on 318 phenotypes and so they accumulate mutations, irrespective of how damaging those might 319 appear to be. Under balancing selection (Wallace 1970) , one would expect that many 320 nsSNPs could accumulate on coding sequences that are maintained in polymorphic 321 condition for tens of thousands of generations, but in this case the number of lethal alleles 322 would be constrained. In both cases a high accumulation of nsSNP would lead to an 323 estimate of positive selection even though the nsSNP in some transcripts would have no 324 adaptive significance. Analysis of severity among mutations suggests that there is a 40% 325 increase in deleterious nsSNPS in transcripts with high SNP per bp. Nevertheless, there 326
was both a striking excess of transcripts with high numbers of nsSNPs in some genes 327
where none were identified as deleterious, as well as a striking excess of transcripts in 328 other genes where a large number were identified as deleterious. The former would be 329 consistent with balancing selection and the latter with relaxed selection. Intergenic/All Intergenic SNP divided by All SNP for each animal NS/All Non-synonymous SNP divided by All SNP for each animal Intergenic/All Intergenic indels divided by All indels for each animal NS/All Non-synonymous indels divided by All indels for each animal 
